Introduction
A reliable dynamically generated gaseous source is inevitably required for the calibration of the instrument response, for the development and experimental testing of analysis techniques for trace gases of atmospheric interest, and also for studying the atmospheric chemistry of trace gases. As the analytical methods improve their detection limits, and demands are made to measure lower and lower concentrations, there is an increasing need to produce low-level standards and to produce high-purity mixtures.
Numerous techniques, classified as static methods or dynamic methods, have been developed to prepare standard gas mixtures. 1, 2 Static methods involve preparing and storing the mixture in a closed vessel, such as a metal cylinder, glass bottle or plastic bag. Cylinders are commonly used as containers and the gas standards in cylinders can be commercially available with known concentrations provided by the supplier. However, such standards are frequently at far higher concentrations than those to be measured in air. Dynamic methods, based on the continuous introduction of a gaseous compound into a flowing stream of the diluting gas, offer an advantage in preparing lowconcentration mixtures without the use of high-dilution flows. In addition, the methods are especially suitable for preparing a continuous flow of mixture of a reactive, labile or sticky species whose storage is practically impossible. This is the case for compounds such as O3, HNO2, and HNO3. The most widely used dynamic methods are those based on the diffusion of molecules into a stream of dilution gas and the diffusion of molecules through permeable barriers: diffusion methods and permeation methods. Although these methods have advantages, such as versatility and the availability of sources for many compounds, their feature of continuous emission of a compound from the source becomes a drawback in that it is impossible to shut off the source. Also, permeation devices require a relatively long initial induction period.
Evaporation methods are also important as widely applicable dynamic methods. Hwang and Dasgupta 3 have developed a novel calibration gas-generation system for HCHO and H2O2, which is based on an evaporation technique. In this system, thermally equilibrated air passes through a porous PTFE membrane tube immersed in a solution of known concentration of HCHO or H2O2, where Henry's law equilibration occurs through the membrane pores between the concentrations of the gas phase and the liquid phase. The system has offered the standards of various kinds of gas mixtures: HCl, HCOOH, CH3COOH, NH3, and HNO3. 4, 5 We have also developed a continuous gas-generating system based on a microporous PTFE membrane tube. In our system, an aqueous solution of HCHO or H2O2 continuously flows in an inner microporous PTFE tube. Also, pure air purges the vapor equilibrated with the aqueous solution in the annulus between the inner and outer tubes by flowing countercurrently to the liquid flow. The generation coil was identical to the gas-liquid separating coil that was used for measurements of atmospheric HNO2 and HNO3. 6, 7 The system is, so to say, a flow-type source, whereas the Dasgupta's system is a batch-type source. The proposed flow-type generator offers generation based not only on Henry's law, but also on chemical reactions, leading to a distinct advantage concerning the availability of continuous sources for various compounds.
In this paper we demonstrate the dynamic generation of A reliable and convenient system to generate accurate and stable standard gas mixtures of various atmospheric compounds at parts-per-billion levels has been developed. The system is of simple design; the generator is a coil consisting of an inner tube of microporous polytetrafuluoroethylene (PTFE) membrane tubing and an outer tube of silicone tubing. An aqueous solution of the given compound continuously flows through the inner microporous tube and the purge gas flows through the annulus between the inner and outer tubes. In addition to the generation of gas mixtures based on Henry's law, the proposed flow-type system offers generation based on chemical reactions, leading to a distinct advantage of the availability of continuous sources of various compounds. The generation system was tested for preparing standard gas mixtures of HCHO and H2O2 on the basis of Henry's law, and those of HNO2, NO, and SO2 on the basis of chemical reactions. A stable generation of the desired low concentrations of various kinds of gas mixtures can be readily achieved by adjusting the concentration of the solution without the use of high-dilution flow. 
Experimental

Reagents
Aqueous reagent solutions were prepared with high-purity water from a Millipore Milli-Q purification system. An aqueous working solution of Schiff's reagent for the determination of HCHO was prepared by 10 times-dilution of Schiff's reagent for microscopy obtained from Merck. A formaldehyde standard stock solution of 1 mg mL -1 in methanol was obtained from Kanto Kagaku Co. Ltd. Working standard solutions of HCHO were prepared by diluting the standard stock solution to the desired concentrations with water. Working solutions of HCHO were prepared by diluting 35 -38% aqueous HCHO solution containing 5 -8% methanol as a stabilizer. The solutions were standardized by a spectrophotometric method based on the reaction of aldehyde with Schiff's reagent.
2-((5-Bromopyridyl)azo)-5-(N-propyl-N-sulfopropylamino)-phenol (PAPS) was obtained from Dojin Co. Ltd. The Ti-PAPS reagent for the determination of H2O2 was prepared by mixing a stock solution of 1 × 10 -3 M PAPS and a solution of 1 × 10 -3 M Ti(IV). All other reagents were of analytical reagent grade from Wako Chemical Industries Ltd. A standard stock solution of 0.1 M H2O2 was prepared from a 30% H2O2 solution and standardized by titration with potassium permanganate.
A stock standard solution of 2 × 10 -2 M NO2 2-was prepared from NaNO2 dried at 110˚C. A 0.1 M ascorbic acid solution was prepared in 0.05 M H2SO4. A standard solution of 2 × 10 -2 M Na2SO3 and its working solutions were prepared daily, because SO3 2-is easily oxidized with oxygen dissolved in water.
Equipments
The purge and dilution air was supplied by a pure-air generator (Eco physics, PAG 002), which eliminated NOx, SO2, and O3 down to traces of pars-per-trillion and water vapor to a dew point of -15˚C. Solution delivery was carried out with multichannel peristaltic pumps (Gilson Minipuls 2) with a rotation accuracy of ±1.5%. Constant flow rates of gases were maintained by means of mass-flow controllers (Stec, SEC-410). Absorbance measurements were made with spectrophotometers (Jasco Model UV-970 and Hitachi Model 330). Measurements of NO and HNO2, and SO2 were made with a chemiluminescence NOx analyzer (Eco Physics) and with a UV fluorescence SOx analyzer (Dasibi Model 4108), respectively.
Continuous gas generation system
A schematic of continuous gas generation system is shown in Fig. 1 . The 16-turn generation coil consisted of two tubes. The inner tube was made of microporous PTFE tubing (1-mm i.d., 2-mm o.d., 1-m length, 1-µm pore size, 60% porosity, Sumitomo Denko, Inc., Poreflon tube TB-21). The outer tube was made of 3-mm i.d. silicone tubing. The coil was placed in a 3.5-cm i.d., 50-cm long glass cooling jacket. The temperature of the coil was controlled by circulating water at a constant temperature through a jacket by means of a Haake C1 thermocirculator. In the generation of HCHO and H2O2 based on Henry's law, the most important practical requirement for reliable generation is a precise temperature control of the generation coil. For thermal equilibration, the purge gas supplied from a pure-air generator first passed through a copper coil, made by coiling a 4-mm i.d. 2-m long tubing into a 42-turn coil. The high heat capacity of copper and its good thermal conductivity ensure the thermal equilibration of the purge gas. The HCHO or H2O2 solution from the peristaltic pumps also passed through PTFE coils for thermal equilibration; these coils were made of 0.7-mm i.d. 2-m long tubing. The solution then entered the generation coil. In a system based on chemical reactions, the reagent solutions were mixed after passage through the respective PTFE coil for thermal equilibration, and then the mixture entered the generation coil. These coils were placed together with the generation coil in a jacket maintained at a constant temperature. The temperature accuracy of the thermocirculator employed for controlling the temperature of the generator was ±0.05˚C. The measurement of temperature was carried out with a type K chromel-alumel thermocouple. To avoid the condensation of water vapor at the outlet, the exit purge gas stream containing the vapor was immediately diluted with the dilution gas flow.
Sampling of HCHO and H2O2 vapors
A stripping coil with a separator developed by Lazrus 8 was employed for the sampling of HCHO and H2O2 vapors. The vapor was stripped from the gas mixture from a continuous gasgenerating system by means of concurrently pulling the gas mixture and scrubbing solution through a stripping coil. In this work, water was chosen as a scrubbing solution, and measurements of the collection efficiencies of the stripping coil for HCHO and H2O2 were carried out by sampling gas mixtures by two coils connected in series. The collection efficiencies were calculated using the equation
where C1 and C2 are the concentrations in the first and the second coils, respectively. Experiments were made at sampling rates of 1.0 L min -1 and 2.0 L min -1 , while pumping scrubbing water into the coil at a rate of 0.1 mL min -1 for HCHO and 0.2 mL min -1 for H2O2. The collection efficiency for HCHO was about 33% at the sampling rate of 1.0 L min -1 and about 16% at the sampling rate of 2.0 L min -1 . The efficiency was over 99% even at 2.0 L min -1 for H2O2.
Measurements of HCHO and H2O2
A measurement of HCHO was carried out by a continuousflow analysis method, which was coupled with spectrophotometric detection based on the reaction with Schiff's reagent. A schematic diagram of the flow analysis system for HCHO is shown in Fig. 2 , together with the sampling system. The scrubbing water was supplied continuously into the inlet of the stripping coil at a rate of 0.1 mL min -1 . The scrubbing solution pumped continuously from the bottom of the separator was mixed with a 0.1 mL min - through a reaction coil; this was followed by the detection of the absorbance at 545 nm. The reaction coil was made of a 4 m length of 0.7-mm i.d. PTFE tubing, corresponding to a reaction time of about 8 min at 0.2 mL min -1 of the reaction mixture, and this coil was immersed in a water bath maintained at 55˚C.
In the measurement of H2O2, the scrubbing water pumped from the bottom of the separator was fractionized by a 10 min collection, and each fraction was analyzed by a spectrophometric method developed by Matsubara et al. 9 To a 1.0 mL aliquot of the fractionized scrubbing solution, 0.2 mL of the Ti-PAPS reagent and 1.5 mL of 0.2 M phosphate buffer (pH 8) were added. The mixture was incubated at 35˚C for 10 min. After the mixture was cooled to room temperature, its absorbance was measured at 539 nm.
Measurements of NO, HNO2, and SO2
These vapors were sampled directly from the output of the generation system into the analyzers. Measurements of SO2 were made by a UV fluorescence SOx analyzer and measurements of NO and HNO2 were made by a chemiluminescence NOx analyzer. The NOx analyzer is based on the reaction of NO with O3, and is a single-channel based instrument with one reaction chamber to determine NO, a metal converter to reduce NO2 to NO, and one photomultiplier to detect chemiluminescence. Because the converter efficiently reduces not only NO2 but also HNO2 to NO, it allows sequential measurements of NO and the sum (NO + NO2 + HNO2) by bypassing and passing through the converter, respectively. Our previous results 6 showed that HNO2 is quantitatively removed from the gas stream by a single Na2CO3-impregnated cellulose filter. This implies that the sum measured by passing through the Na2CO3-filter provides NOx (NO + NO2). Thus, NO2 can be measured as the difference between NO and NOx. In this experiment, the measurements of HNO2 output from the generator by passing through the Na2CO3-filter showed the presence of no detectable amount of NO2. Accordingly, HNO2 was measured as the difference between NO and the sum.
Results and Discussion
Generation conditions of HNO2, NO, and SO2
The generation of these vapors is based on the following chemical reactions:
NO2
-→ NO (reduction with ascorbic acid), NaNO2 + H2SO4 → HNO2 + NaHSO4, Na2SO3 + H2SO4 → SO2 + Na2SO4 + H2O.
Of these reactions, the reduction of nitrite to NO with ascorbic acid was investigated in our previous work, 6 and the maximum reduction efficiency was obtained at an ascorbic acid concentration above 0.05 M and a H2SO4 concentration of between 0.02 and 0.1 M. The other two reactions were the decomposition reaction by H2SO4.
We then examined the effect of the H2SO4 concentration on the outputs of HNO2 and SO2. A 1 × 10 -4 M NaNO2 or Na2SO3 solution and a H2SO4 solution ranging from 2 × 10 -3 M to 2 × 10 -2 M were separately pumped at a rate of 0.2 mL min -1 into a generation coil maintained at 25˚C. The generated vapor was purged with pure air flow of 0.2 L min -1 .
The results indicate that quantitative generations of both SO2 and HNO2 were obtained at H2SO4 concentrations above 0.01 M. Further experiments were then carried out by employing 0.2 mL min -1 of a 0.05 M H2SO4 solution.
Output characteristics
The effects of the parameters on the vapor output were investigated in order to find the generation characteristics for HCHO, H2O2, HNO2, NO, and SO2. These included the purge gas-flow rate and the generation temperature.
The vapor outputs were measured for the purge gas-flow rates in ranges from 0.1 to 1.0 L min -1 for HCHO, 0.1 to 0.3 L min -1 for H2O2, and 0.2 L min -1 to 2.0 L min -1 for HNO2, NO, and SO2. As can be seen from Fig. 3a , the HCHO and H2O2 outputs, which were the concentrations in the purge gas-flow before being diluted, were constant at purge gas-flow rates below 0.3 L min -1 . The results would indicate that in these systems Henry's equilibrium was established through membrane pores between the aqueous-phase and the gas-phase concentrations. On the other hand, as shown in Fig. 3b the outputs of NO and SO2 were inversely proportional to the purge gas-flow rate, indicating that a constant amount of vapor was generated per unit time independently of the purge gas-flow rate. Namely, the purge gas flow worked as a diluent as well. Also shown in Fig. 3b for 631 ANALYTICAL SCIENCES JUNE 2005, VOL. 21 comparison is the calculated output from a 1 × 10 -4 M NaNO2 or Na2SO3 solution when a quantitative generation of NO and SO2 occurred. The observed outputs of NO and SO3 were 90 and 78% of the calculated outputs, respectively. The nitric acid outputs were also decreased with increasing the purge gas-flow rate. The decreasing trend for the HNO2 output was similar to those of NO and SO2, but the output was not in inverse proportion to the purge gas-flow rate. An identical result was obtained in our previous continuous-generation system for HNO2 vapor, 6 which was based on a bubbling technique, where the purge gas passed through a mixture of NaNO2 and H2SO4 solutions. In this system, the purge gas-flow rate was found to significantly affect the purity of the output as well as the HNO2 output, and working at high flow rates of purge gas was found to be advantageous for an efficient generation of high-purity HNO2. Therefore, we carried out experiments on the purity of the output from the present generation system. The results showed no detectable amount of NO2 at purge gas-flow rates ranging from 0.2 to 2.0 L min -1 , and also showed a decrease in the concentration ratio of NO to HNO2 with increasing the purge gas-flow rate. This decreasing trend in the NO/HNO2 ratio was similar to the previous generator, but the ratio was smaller; at a flow rate of 0.2 L min -1 , the ratio of 0.08 in the present system was about one fifth of that in the previous generation system. At a purge gas-flow rate above 1.0 L min -1 , the ratio was below 0.01.
The effect of the temperature on the output was examined for HCHO, H2O2, NO, SO2, and HNO2. Experiments were carried out at purge gas-flow rates of 0.2 L min -1 for HCHO and H2O2, employing 4.0 × 10 -2 % HCHO and 5.65 × 10 -2 M H2O2 aqueous solutions, respectively, and 2.0 L min -1 for NO, SO2, and HNO2, employing respective 1.0 × 10 -4 M aqueous solutions. As can be seen from Figs. 4a and 4b, the effects of the temperature on the HCHO and H2O2 outputs were quite different from those on the NO, SO2, and HNO2 outputs. The HCHO and H2O2 outputs exponentially increased with an increase in the temperature. This temperature dependence also implies that the generation of HCHO and H2O2 is based on Henry's law. From the output data obtained for the temperatures over the range from 10 to 30˚C, the Henry's law constants of HCHO and H2O2, KH, were calculated by
where P(i) is the partial pressure of species i in equilibrium with a solution containing the molar concentration M(i). Also, the temperature dependency of Henry's law constant is generally given as
where T is in degrees Kelvin. As shown in Fig. 5 , the logarithm of the Henry's law constant for both HCHO and H2O2 fitted very well to the inverse of the temperature. This would indicate the validity of Henry's law for the dilute solutions examined in this study.
Also, coefficients A and B were obtained to be 7860 and 17.9 for HCHO, and 6020 and 8.8 for H2O2, though they may be preliminary values because the volume of data was not sufficient for a linear regression analysis, especially for H2O2. The Henry's law constants at 25˚C were 4.8 × 10 3 M atm -1 for HCHO and 8.2 × 10 4 M atm -1 for H2O2, which agree fairly well with those reported in the literature: 5.1 × 10 3 for HCHO 10 and 6.78, 7.13, 7.36 × 10 4 M atm -1 for H2O2. 3, 11, 12 Working at high temperatures is advantageous for an efficient generation, but the evaporation of water vapor from the solutions is greater at these temperatures. This leads to high dilution flows for preventing the condensation of water vapor onto the inner wall of the transport tube. Thus, a generation temperature of 25˚C was chosen as a compromise.
On the other hand, constant outputs of NO and SO2 were observed over the temperature range of 10 to 25˚C, indicating that these generation reactions are relatively insensitive to the temperature. The HNO2 output gradually increased with an increase in the temperature and showed a trend toward a constant value.
Performance characteristics
The source output stability is an important feature of the generator. Of several factors that caused variations in the source output, the most critical one may have been the generator temperature for generation based on Henry's law, and the flow rates of the purge gas and the reagent solution for those based on chemical reactions. The stability was assessed by continuous measurements over a 3-h period for the HCHO, HNO2, NO, and SO2 outputs. Figure 6 shows recorder charts of the HCHO, HNO2, NO, and SO2 outputs from the generator with time, which were obtained with 4 × 10 -3 % HCHO, 2 × 10 -5 M NaNO2, and 2 × 10 -5 M Na2SO3 solutions, respectively. The H2O2 output as a function of time is also presented in Fig. 6 , which was obtained with a 6.8 × 10 -2 M H2O2 solution, not by continuous measurement, but by time-average measurements. The output stability recorded on the chart is due to a combination of variations in the source output, and those in the measurement system including the collection efficiency of the stripping coil for the HCHO and the H2O2 and sensitivity of the analytical system, as well as the drift and noise of detector. A gradual decrease in the SO2 output with a lapse of time was observed. It was about a 5% decrease after 3 h. This was due to the oxidation of SO3 2-in the Na2SO3 working solution by oxygen dissolved in the solution. Experiments concerning the stability of the Na2SO3 solution showed that the half-life of the SO3 2-in a solution prepared without any pretreatment of water was about 2 days, and was prolonged to be about 4 days by preparing the solution with water treated by bubbling with nitrogen gas. The HCHO output also increased slightly with a lapse of time up to about 1 h, and afterwards was almost constant. The figures of the HNO2, NO, and SO2 outputs show satisfactory output stability.
One of the features is that this generation system can readily provide gas mixtures of desired concentrations by varying the aqueous phase concentration. Figure 7 shows the HNO2, NO, and SO2 outputs for NaNO2 and NaSO3 solutions at concentrations ranging from 2 × 10 -5 to 1 × 10 -4 M. Figure 8a also shows the HCHO outputs for HCHO solutions at concentrations ranging from 4 × 10 -3 to 2 × 10 -2 %. A gas mixture of the desired concentration could also be provided by varying the dilution gas-flow rate. HCHO generation was carried out for dilution gas-flow rates ranging from 0.8 to 3.0 L min -1 at a constant purge gas flow of 0.2 L min -1 . The results are shown in Fig. 8b. Figures 7 and 8 clearly show that there is good linearity between the output and the aqueous phase concentration, and between the output and the dilution gas flow rate. It is evident that outputs of the desired concentrations can be readily obtained by adjusting the solution concentration or the dilution gas-flow rate.
The system described here was demonstrated to generate a stable and continuous flow of a gas mixture at low concentrations, and confirmed to serve as a reliable dynamic standard source of various compounds. The system also has the practical advantage of simplicity of design and construction. ; pumping rate of HCHO solution, 0.1 mL min -1 ; (a) dilution gas-flow rate, 1.8 L min -1 ; (b) HCHO, 1 × 10 -2 %.
